The aim of hyperinflation in the ventilated intensive care unit patient is to increase oxygenation, reverse lung collapse and clear sputum. The efficacy and consistency of manual hyperventilation is well supported in the literature, but there is limited published evidence supporting hyperventilation utilising a ventilator. Despite this, a recent survey established that almost 40% of Australian tertiary intensive care units utilise ventilator hyperinflation. The aim of this non-inferiority cross-over study was to determine whether ventilator hyperinflation was as effective as manual hyperinflation in clearing sputum from patients receiving mechanical ventilation using a prescriptive ventilator hyperinflation protocol. A total of 46 patients received two randomly ordered physiotherapy treatments on the same day by the same physiotherapist. The efficacy of the hyperinflation modes was measured by sputum wet weight. Secondary measures included compliance, tidal volume, airway pressure and P a O 2 /FiO 2 ratio. There was no difference in wet weight of sputum cleared using ventilator hyperinflation or manual hyperinflation (mean 3.2 g, P=0.989). Further, no difference in compliance (P=0.823), tidal volume (P=0.219), heart rate (P=0.579), respiratory rate (P=0.929) or mean arterial pressure (P=0.593) was detected. A statistically significant difference was seen in mean airway pressure (P=0.002) between techniques. The effect of techniques on the P a O 2 /FiO 2 response ratio was dependent on time (interaction P=0.024). Physiotherapy using ventilator hyperinflation cleared a comparable amount of sputum and was as safe as manual hyperinflation. This research describes a ventilator hyperinflation protocol that will serve as a platform for continued discussion, research and development of its application in ventilated patients.
Hyperinflation in the artificially ventilated intensive care unit (ICU) patient aims to increase lung oxygenation, reverse lung collapse and clear lung secretions, and has been routinely used by physiotherapists since the early 1970s 1 . Historically, hyperventilation has been delivered manually (MHI) using a resuscitation reservoir bag. There is extensive literature supporting its efficacy and the consistency of its implementation by physiotherapists 2 . Hyperventilation utilising a ventilator (VHI) is, by comparison, a relatively new technique. VHI was first described in the literature in 2002 3 and then again in 2006 4 when it was compared to MHI. More recently, its efficacy was compared to positioning alone 5 . Despite the limited published evidence, a recent survey has established that almost 40% of Australian tertiary ICUs are utilising VHI in some form or other 6 . Implementation is currently based on the individual's clinical judgement and experience with 60% following specific protocols, although only 20% of these are formally documented 6 .
The purpose of this study was to determine whether or not VHI was as effective as MHI in clearing sputum secretions from patients receiving mechanical ventilation in ICUs at an acute tertiary ICU. The research team developed a protocol for VHI based on their extensive experience in advanced ventilation and the protocols currently in use across Australia which, although anecdotally sound, are based on limited published evidence.
MATERIALS AND METHODS

Inclusions/exclusions
All patients admitted to the ICU at Sir Charles Gairdner Hospital (SCGH) who were receiving mechanical ventilation and who demonstrated atelectasis or consolidation on chest X-ray were considered for inclusion. Patients with any of the well-documented and accepted contraindications to hyperinflation were excluded (Table 1) . Those ventilated using airway pressure release ventilation were also excluded as this ventilation mode precludes circuit disconnection for MHI.
The SCGH Ethics Committee approved this trial (approval number 2010-039) and a waiver of patient consent was granted on the premise that VHI has been demonstrated to be part of routine clinical management of ventilated patients in other comparable Australian ICU facilities and has widespread acceptance 6 .
Process
The study was a non-inferiority cross-over trial comparing VHI and MHI. As per usual clinical practice, the attending intensive care physician and physiotherapist decided which patients required physiotherapy intervention on the morning ward round, and these patients were considered for inclusion in the trial.
Utilising the Evita XL ® ventilator (Dräger Medical, Lübeck, Germany) all patients received two physiotherapy treatments (one utilising MHI, the other VHI) by the same physiotherapist on the day of measurement, one in the morning and one in the afternoon, with a minimum of three hours between treatments ( Figure 1 ). Using cards in unmarked envelopes, patients were randomly allocated to receive either MHI or VHI treatment first. Before treatment, ventilation mode, fraction of inspired oxygen (FiO 2 ), positive end-expiratory pressure (PEEP), tidal volume (V t ), airway pressure (Paw), dynamic lung compliance (C L ), heart rate, systolic blood pressure and mean arterial blood pressure, respiratory rate and arterial blood gases were recorded. In addition, intracranial pressure and cerebral perfusion pressure was also recorded when relevant.
Patient positioning during treatment
As per the current management, where possible during this trial, patients were positioned in sidelying with 20 to 30° whole bed upward tilt for physiotherapy treatment. If lung pathology was unilateral on the chest X-ray, the affected side was uppermost. Positioning was the same for both morning and afternoon treatments.
MHI treatment
MHI treatment was as follows: one physiotherapist delivered the MHI breaths while the other physiotherapist delivered manual vibrations on the chest wall and suction. Using a standard Laerdal resuscitation bag, the MHI circuit delivered 15 l/minute of oxygen as per current clinical practice, and a manometer was included in the circuit so that the peak airway pressure delivered was 40 cmH 2 O. Breath-hold of no less than two seconds was maintained at the end of the inspiratory phase. Expiration was passive and the same PEEP was applied during expiration as that which was applied via the patient's ventilator. There were four sets of eight breaths per set. Airway suctioning was carried out during treatment if indicated or immediately after treatment. An open suction system was used and sputum was collected in a sputum trap connected to the suction catheter. On completion of the suction passes, 10 ml of sterile saline was flushed through the suction tubing to the trap to clear any secretions in the catheter. The wet weight of the sputum was calculated using a two decimal digital scale and subtracting the weight of the trap and the saline from the total weight of the trap and its contents.
VHI treatment
We used synchronised intermittent mandatory ventilation to deliver VHI. Alarms were adjusted so that Paw alarm was 45 cmH 2 O and V t alarm was 250% of initial V t . FiO 2 was increased to 1.0 for the duration of treatment. PEEP remained unchanged. Inspiratory time was adjusted to three to five seconds, respiratory rate to six to eight breaths and V t to deliver hyperinflation breaths that were 15 ml/kg as calculated using lean body weight. VHI was initially implemented by incrementally increasing V t by 150 ml at a time until target volume or Paw limit of 40 cmH 2 O was reached. In subsequent sets increments were usually larger depending on initial clinical response. There were four sets of eight VHI breaths delivered at each treatment. Suctioning was carried out as per MHI treatment and sputum was collected and measured in the same manner.
Outcome measures
Hyperinflation improves sputum clearance without compromising cardiovascular stability or gas exchange 7 . The efficacy of the hyperinflation mode was therefore measured by the amount of sputum cleared. This approach is consistent with other physiotherapy trials investigating sputum clearance 7, 8 . A difference in sputum levels in the morning compared with the afternoon was accounted for in the sample size calculation and by randomising the order of treatment. Secondary outcome measures collected both immediately and 30 minutes after treatment included cardiovascular observations, C L and Paw. Arterial blood gases were also sampled and recorded before and 30 minutes after treatment, and the P a O 2 :FiO 2 ratio was calculated.
Data analysis
Mixed model regression analysis was used to assess the data (in both univariate and multivariate form), including patient as the random effect to assess the relationship between the above mentioned explanatory variables and the responses. Variables that were significant at a 5% significance level were retained in the final model. Summary means and standard errors are also provided. All statistical analyses were performed with R software version 2.11.1 (R Foundation for Statistical Computing, Vienna, Germany).
RESULTS
Treatment was undertaken in a 23-bed Level 3 ICU at a metropolitan tertiary hospital. A total of 48 patients were recruited into the study over two separate month-long study periods in 2010 and 2011. Two patients were withdrawn from the study when they received paralysing agents after the first physiotherapy treatment in order to undergo medical investigation or procedure. Characteristics of the cohort are presented in Table 2 . The mean age of the patients was 57 years and they were mostly male (72%). Patient admission category, diagnosis and source were diverse, but all patients had documented changes on the chest X-ray and were productive of sputum. Patients were positioned right (46%) or left (43%) side-lying or upright (11%) and were receiving synchronised intermittent mandatory ventilation with auto-flow (57%), pressure support ventilation (39%) or pressure control ventilation (4%).
There was no significant difference in sputum wet weight between MHI and VHI treatments (P=0.989). The mean (95% confidence interval) was 3.215 g (2.365 g, 4.065 g) after MHI and 3.210 g (2.543 g, 3.878 g) after VHI. Multivariate analysis found that increased pre-treatment tidal volume (P=0.009) and decreased pre-treatment P a O 2 :FiO 2 ratio (P=0.008) predicted higher sputum wet weight. A summary of the means and standard errors of secondary variables is shown in Table 3 . There were no significant differences between techniques across all variables on univariate analysis except for Paw, which showed an increase with MHI compared to VHI (P=0.002, Figure 2 ). There were significant differences between time points on univariate analysis across V t (P=0.019, Figure 3 ), SpO 2 (P <0.0001) and mean arterial blood pressure (P <0.0001). After adjusting for potential confounders there was a significant interaction between technique and time for P a O 2 (P=0.014) and P a O 2 :FiO 2 ratio (P=0.024, Figure 4 ).
DISCUSSION
The important findings of this study are: first, that there was no difference in sputum wet weights following physiotherapy treatment utilising MHI or VHI; second, that MHI resulted in higher Paw than VHI; third, that pre-treatment V t and P a O 2 :FiO 2 ratio predicted wet weight sputum; and fourth, that there was an interaction between technique and time in the P a O 2 analysis such that over time, P a O 2 decreased when MHI was being used and increased when VHI was being used. The same interaction and trend were seen in the P a O 2 :FiO 2 ratio analysis. This study has shown that during physiotherapy, when VHI is applied in such a way as to mimic MHI, both techniques were equally effective in sputum clearance. Further, the only significant difference in secondary measures was a decrease in Paw with VHI compared with MHI. This decrease was not clinically significant (1 cmH 2 O) but may indicate a trend whereby patients with higher Paw pre-treatment may have less likelihood of increasing Paw following treatment with VHI versus MHI. Importantly, there was no significant difference between techniques in all other measures of gas exchange and respiratory and haemodynamic status. Mean arterial blood pressure and SpO 2 increased in a response to either treatment, but returned to the same level at 30 minutes posttreatment. This indicates that VHI is equally as safe as MHI when applied using the study protocol.
Lung collapse or consolidation on the chest X-ray was selected as an entry criteria as it is a common clinical indicator for physiotherapy 7 . Other studies looking at MHI have utilised static rather than dynamic C L 1, 4, 5, 7, 9 . This measurement is taken during the cessation of airflow, when elastic recoil is independent of airway resistance. This study measured dynamic C L because patients were ventilated on pressure support ventilation, pressure control ventilation or synchronised intermittent mandatory ventilation autoflow and that is what the ventilator calculates in these modes. The increase in V t and decrease in Paw seen over time in this study reflects improved static C L , consistent with the findings of other MHI studies 1, 4, 5, 7, 9 .
A novel finding of this study was that higher sputum wet weight was predicted by higher pretreatment V t . The higher V t may be a surrogate for obstructive lung disease, however the highest pretreatment Paw within the cohort was 32 mmHg (mean 20 mmHg). Another explanation for this could be that a higher V t results in increased inspiratory flow rate that enhances sputum clearance. The use of high volumes to mobilise secretions during physiotherapy is therefore also supported.
Another interesting finding in this study is the decrease in P a O 2 and P a O 2 :FiO 2 ratio over time following MHI compared to VHI. This finding supports the eligibility criteria of the study, whereby patients with high PEEP and high FiO 2 requirements were excluded because their level of support precluded the circuit disconnection required for MHI. We postulate that circuit disconnection results in a loss of PEEP that may be detrimental to gas exchange. This 'de-recruitment' effect may be persistent (still present at 30 minutes after MHI ended in our study). The opposite trend demonstrated with VHI suggests that patients in whom it is hard to maintain adequate gas exchange with or without high PEEP and FiO 2 may both tolerate and benefit from physiotherapy treatment using VHI. Future studies are needed to look at physiotherapy techniques combined with VHI for the purpose of recruitment, in conjunction with studies of stepwise progression of hyperventilation for rescue 10 .
Other advantages of VHI over MHI are that it may prevent infection transmission due to circuit disconnection to both patient and attending staff and it requires only one person to administer, which has both direct and indirect cost-saving implications in terms of scheduling and the co-ordination of staff.
A limitation of the study was the consistency of MHI compared to real clinical practice. During the study, MHI was delivered using the same person (a physiotherapist) with consistent technique including measurement of Paw (40 cmH 2 O, with manometer in the circuit) with every breath delivered, a standard number of repetitions and a two-second breath-hold at end of inspiration. This may or may reflect normal clinical practice, which in this unit utilises the bedspace nurse to deliver MHI. Published studies have questioned the quality of nursing-delivered MHI for the purpose of physiotherapy 11, 12 . In this way, the efficacy of the clinical practice of MHI may be overstated in this study.
CONCLUSION
This study has demonstrated VHI to be as safe and as effective in clearing sputum during physiotherapy as MHI if it is applied with the same parameters and precautions. There are potential advantages of VHI over MHI, the biggest of which is the fact that unlike MHI, there is no ventilator circuit disconnection required using VHI. This research describes a VHI protocol that will serve as a platform for continued discussion, research and development of its application in ventilated patients.
